Abstract: Cooling can induce Ca2+ signalling via activation of temperature-sensitive ion channels such as TRPM8, TRPA1 and ryanodine receptor channels. Here we have studied the mechanism of coolingevoked Ca2+ signalling in mouse olfactory ensheathing cells (OECs), a specialized type of glial cells in the olfactory nerve layer of the olfactory bulb. Reducing the temperature from above 30°C to 28°C and below triggered Ca2+ transients that persisted in the absence of external Ca2+, but were suppressed after Ca2+ store depletion by cyclopiazonic acid. Cooling-evoked Ca2+ transients were present in mice deficient of TRPM8 and TRPA1, two cold-activated ion channels, and were not inhibited by ryanodine receptor antagonists. Inhibition of InsP3 receptors with 2-APB and caffeine entirely blocked coolingevoked Ca2+ transients. Moderate Ca2+ increases, as evoked by flash photolysis of NP-EGTA (caged Ca2+) and cyclopiazonic acid, triggered InsP3 receptor-mediated Ca2+ release at 22°C, but not at 31°C. The results suggest that InsP3 receptors mediate Ca2+-induced Ca2+ release in OECs, and that this Ca2+ release is temperature-sensitive and can be suppressed at temperatures above 28°C. 
Summary
Cooling can induce Ca 2+ signalling via activation of temperature-sensitive ion channels such as TRPM8, TRPA1 and ryanodine receptor channels. has first been shown, ryanodine receptors (RyR) mediate CICR [3] [4] [5] , and RyR has been attributed to CICR in most other studies. In addition, activation of inositol 1,4,5-trisphosphate receptors (InsP 3 Rs), the second major class of Ca 2+ release channels in the ER, has been shown to be modulated by Ca 2+ [1, [6] [7] [8] . In glial cells, e.g., CICR
is mediated by InsP 3 Rs, but not RyRs [9, 10] .
RyRs are not only activated by Ca
2+
, but have also been demonstrated to be coldsensitive; a rapid drop in temperature from room temperature to near 0°C induces Ca 2+ signalling and contraction in muscle cells [11, 12] . Cooling can trigger Ca 2+ signalling also via cold-sensitive transient receptor potential (TRP) channels such as TRPA1 and TRPM8 channels [13] [14] [15] [16] . In the present study, we investigated cold- signalling by removing a temperature-dependent inhibition of CICR.
Material and methods

Solutions and reagents
Standard artificial cerebrospinal fluid (ACSF) consisted of (in mM): 125 NaCl, 2. 
(BCTC), 4-(4-Chlorophenyl)-3-methyl-3-buten-2-one oxime (AP-18) and ryanodine were received from Biotrend Chemicals (Cologne, Germany). All reagents were stored as stock solutions corresponding to the manufacturers instructions and added to ACSF directly before the experiment. OECs are located in the nerve layer, the most superficial layer of the olfactory bulb, and hence are readily accessible for drugs applied with the perfusion system.
Animals and olfactory bulb in-toto preparation
NMRI and C57BL/6 mice of both genders (age: postnatal days 0-8; P0-P8) were obtained from the institutional animal facility at the University of Kaiserslautern.
TRPM8
-/- [17] and TRPA1 -/- [18] mice were reared at the animal facility at the University of Leuven. Animals were decapitated in accordance with the EU animal welfare guidelines. Both olfactory bulbs were dissected carefully from the opened head and transferred into chilled (4°C) ACSF. For r ecovery, bulbs were stored 45 min in carbogen-gassed ACSF at 30°C and 15 min at room temperature.
Calcium imaging and flash photolysis of caged compounds
Whole bulb hemispheres were glued with the median side down onto a cover slip and transferred into a recording chamber. For multicell bolus loading [19] a glass pipette with a resistance of ~2-4 mΩ was filled with 200 µM Fluo-4 AM (4 mM stock dissolved in DMSO and 20 % pluronic acid) and 1.6 µM sulforhodamine 101 (both dyes from Molecular Probes, Karlsruhe, Germany), which served as a control dye to visualize the injection. After inserting the pipette into the olfactory nerve layer, the dyes were pressure-injected into the tissue (0.7 bar for 20 s; Pneumatic Drug Ejection System, NPI, Tamm, Germany) followed by incubation for 30 min in ACSF at room temperature (Fig. 1A) . Ca 2+ signals of OECs were detected by the green fluorescence of Fluo-4 within the olfactory nerve layer in epifluorescence illumination (excitation 490 nm; Polychrome IV, TILL Photonics, Graefelfing Germany) or confocal microscopy (excitation 488 nm; Nikon eC1 plus). Images were achieved at an acquisition rate of 0.2 Hz. The temperature of the perfusion saline was controlled using a custom-made heating device with a feedback loop to control and change the bath temperature in the perfusion chamber. 
Cell Culture
Astrocytic cell cultures from neonatal mice (P0-3) were obtained as previously described [20] . Astrocytes were loaded with Fluo-4 AM (1.5 µM, 30 min) and imaged at an acquisition rate of 0.2 Hz using the Ca 2+ imaging system as described above (TILL Photonics).
Purified cultures of OECs and Schwann cells were generated from 7-day old S100β-DsRed mice [21] . In these mice both OECs and Schwann cells express DsRed fluorescent protein and are easily visualized in culture using fluorescent microscopy.
To obtain OECs, the olfactory bulbs were removed from the cranial cavity and the nerve layer from the entire bulb was dissected out. 
Immunohistochemistry
Immunohistochemistry was performed on olfactory bulbs of neonatal NMRI-mice were incubated 2 h at room temperature followed by a repeated washing with PBS.
Slices were mounted on slides and covered with self-hardening embedding medium (30 % glycerol, 12 % polyvinyl alcohol, 0.5 % phenol in 0.1 M Tris) and a cover slip and were analyzed with a confocal microscope (Zeiss LSM 700). Cerebellar slices were used as positive controls for InsP 3 R-1 and InsP 3 R-2 immunolabelling, in which the distribution of InsP 3 Rs is well described [25, 26] . Control stainings without primary antibody did not show fluorescence above background, indicating that there was no non-specific binding of the secondary antibody (not shown). ± 0.8°C (n = 9 animals; Fig. 1C ). In the following experiments, the temperature was held at 31°C and then dropped to approximately 22°C to induce Ca 2+ signalling. The average amplitude of the initial Ca 2+ peak following cooling was 184.8 ± 8.9 % ∆F (n = 122) and decreased to 171.5 ± 7.4 % ∆F (n = 122) and 155.0 % ± 5.6 % ∆F (n = 122), respectively, after a second and third cycle of heating and cooling (Fig. 1D ).
Results
Cooling-evoked intracellular Ca
The analysis of the Ca 2+ transients was hampered by shifts in the baseline which were caused by slight tissue swelling upon temperature changes, as seen, e.g. in 
Cooling-evoked Ca 2+ signalling is not mediated by ryanodine receptors
In muscle cells, a rapid drop in temperature can activate ryanodine receptors (RyR), and the resulting Ca 2+ release from the sarcoplasmic reticulum triggers contraction [11, 12] . To test the contribution of RyR to cooling-evoked Ca 2+ signalling in OECs, we inhibited RyRs with 100 µM ryanodine or 100 µM dantrolene, respectively. Neither ryanodine nor dantrolene were able to reduce cooling-evoked Ca 2+ signalling in OECs (Fig. 3A, B Fig. 1D , application of CPA induced a slow Ca 2+ rise of 32.7 ± 1.6 % ∆F (n=76) at 31°C (see also Fig. 5A , upper trace). In contrast, when cells were incubated at 22°C
and CPA was applied after the first cooling-evoked Ca 2+ transient, the slow CPAinduced Ca 2+ rise was superimposed by a fast transient Ca 2+ peak similar to the cooling-evoked Ca 2+ transient (Fig. 5A, lower trace) . The average amplitude of this Ca 2+ peak was 64.3 ± 3.6 % ∆F (n = 59). The fast CPA-induced Ca 2+ peak at 22°C persisted in Ca
2+
-free solution, demonstrating that it was due to Ca 2+ release from internal stores (Fig. 5B) . When InsP 3 Rs were blocked by 100 µM 2-APB or 40 mM caffeine, CPA evoked only a slow, small Ca 2+ rise of 10.8 ± 0.6 % ∆F (n=68) and 15.3 ± 1.1 % ∆F (n=69), respectively, indicating that the fast Ca 2+ peak is mediated by InsP 3 Rs (Fig. 5C, D) , we studied the effect of buffering cytosolic Ca 2+ (Fig. 5I) 
Effect of cooling on calcium signalling in cultured glial cells
We also studied this temperature-sensitive mechanism of Ca 2+ release in different types of cultured glial cells (Fig. 7A-C) . At 22°C, application of 100 µM ATP for 30 s evoked Ca 2+ transients in cultured OECs with an amplitude of 67.4 ± 10.8 % ∆F (n=57; Fig. 7D ). Increasing the temperature to 31°C reduced the amplitude of ATPevoked Ca 2+ transients to 27.1 ± 2.0 % ∆F (n=46). In Schwann cells, increasing the temperature from 22°C to 31°C reduced the amplitude of ATP-evoked Ca 2+ transients from 205.1 ± 5.6 % ∆F (n=361) to 25.8 ± 1.8 % ∆F (n=40), while it had no effect on ATP-evoked Ca 2+ signalling in cultured astrocytes (n=138 and 136; Fig. 7D , E).
Discussion
In the present study, we have investigated cytosolic Ca 2+ signalling during cooling 
Mechanism of cooling-evoked Ca 2+ signalling
The experiments were performed in the nominal absence of receptor ligands; hence, stores [44, 45] and has been found in a variety of cell types, including glial cells [46] .
In astrocytes, Ca 2+ entry via SOC channels has been shown to be sensitive to BTP2 [20] . The inhibitory effect of BTP2 on cooling-evoked Ca 2+ transients suggests the involvement of SOC channels in Ca 2+ signalling in OECs, too.
Involvement of CICR in glial Ca 2+ signalling
InsP 3 R-mediated Ca 2+ release is a key player in the Ca 2+ signalling machinery in all types of glial cells [47, 48] . OECs respond to glutamate and ATP released from axons of sensory neurons in the olfactory nerve layer with rises in the cytosolic Ca 2+ concentration [24, 49] . InsP 3 R-dependent CICR is an important pathway to enhance ligand-evoked Ca 2+ signalling in glial cells. We also demonstrated this in cultured
OECs and Schwann cells, in which ATP-induced Ca 2+ transients were greatly reduced when InsP 3 R-mediated Ca 2+ signalling was suppressed by increasing the temperature. Surprisingly, changes in the temperature had no effect on ATP-induced Ca 2+ transients in astrocytes, indicating either the absence of InsP 3 R-mediated CICR or lack of temperature sensitivity of this type of CICR. In general, InsP 3 R-mediated CICR is present in astrocytes, and moderate Ca 2+ rises are able to trigger CICR via InsP 3 Rs in olfactory bulb astrocytes in situ [10, 50] . The difference in the temperature sensitivity of CICR in astrocytes versus OECs may originate from different types of InsP 3 Rs expressed by astrocytes and OECs. Astrocytes highly express InsP 3 R-2
[51], while we did not find InsP 3 R-2-like immunolabelling, but rather an expression of InsP 3 R-1 in OECs, an InsP 3 R type that is highly sensitive to Ca 2+ [7] . In addition, differences in InsP 3 metabolism may also account for differences in the temperature sensitivity of CICR in different cell types.
Conclusion
Our results show that cooling is able to trigger Ca 2+ signalling via InsP 3 Rs without an external stimulus that increases the InsP 3 concentration. Rather, cooling appears to release a temperature-dependent attenuation of the Ca
2+
-sensitivity of the InsP 3 Rs and simultaneously causes a moderate Ca 2+ increase by slowing down Ca 2+ transport mechanisms, which, together, result in CICR at a certain temperature threshold.
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